For detecting substances that are invisible to the human eye or nose, and particularly those biomolecules, the devices must have very small feature sizes, be compact and provide a sufficient level of sensitivity, often to a small number of biomolecules that are just a few nanometres in size. Electrical nanogap devices for biosensing have emerged as a powerful technique for detecting very small quantities of biomolecules. The most charming feature of the devices is to directly transduce events of biomolecules specific binding into useful electrical signals such as resistance/impedance, capacitance/dielectric, or field-effect. Nanogap devices in electrical biosensing have become a busy area of research which is continually expanding. A wealth of research is available discussing planar and vertical nanogap devices for biosensing. Planar nanogap devices including label-free, gold nanoparticle-labeled, nanoparticlesenhanced, nanogapped gold particle film, and carbon nanotube nanogap devices as well as vertical nanogap devices with two and three terminals for biosensing are carefully reviewed. The aim of this paper is to provide an updated overview of the work in this field. In each part, we discuss the principles of operation of electrical biosensing and consider major strategies for enhancing their performance and/or key challenges and opportunities in current stages, and in their further development. 
Electrical biosensors rely solely on the measurement of currents
and/or voltages to detect binding 1,2 . Owing to its inherent superiorities of electrical transduction methods, such as excellent compatibility with advanced semiconductor technology, miniaturization, and low cost, biosensors based on electrical detection are capable of behaving at high performance with a simple miniaturized readout 3, 4 . Nanogap electrodes are defined as a pair of electrodes with a nanometer gap 5 . Nano sized biomolecules can be trapped into a gap between two electrodes and connecting the electrodes; the biomolecules are therefore detected by observing their electrical behavior (resistance/ impedance, capacitance/dielectric, or field-effect) 6 .
By combining the unique electrical properties of nanoscale gaps, electrical detection systems supply excellent prospects for the design of biomolecular detection devices. Over the last 10 years, increased efforts have been made to establish nanogap biosensors which allow production of nanogap at reduced operation time and cost, as well as large-scale integrability, easy read-out and higher sensitivity.
It is important to point out that reviews dealing with nanogap issues mainly concentrate on the fabrication of nanogap electrodes 5 , nanostructured-based electrical biosensors 7 , and nanogap dielectric biosensor for label free DNA hybridization detection 6 . Very few papers have been written not only describing important contributions but also analysizing their possible properties. Here we review the progress so far in electrical nanogap biosensors, we survey available processing types suitable for the detection of different biomolecules, we discuss the principles of operation of electrical biosensing, and consider major strategies for enhancing their performance and/or key challenges and opportunities at their current stages and their further development.
Planar nanogap devices for biosensing Label-free biosensing
Planar nanogap can be defined as both electrodes face each other horizontally in the device configuration (Fig. 1a) . Some early reports were from UC Berkeley [8] [9] [10] [11] . A nanogap was fabricated in which two polysilicon electrodes were separated from each other by a 50-100 nm Fig. 1 Label-free planar nanogap devices for biosensing. a) Three-dimensional schematic and cross-section showing a planar nanogap structure. b) Nanogap using polysilicon as electrodes 11 . c) Nanaogap using two Ti electrodes or Ti/Au electrodes 15, 16 . d) Trapezoid-shaped nanogap device fabricated using a silicon anisotropic wet etching technique on a silicon-on-insulator wafer 20 . e) A DNA detector with a nanogap inside a nanofluidic channel 21 
. (1) A pair of metallic nanowires is formed across the nanochannel with a sub-10 nm breaking gap in the channel. (2) Top-view SEM image of a nanogap detector including a fluidic channel.
(b) (a) (c)
gap (Fig. 1b) . Immobilized within each nanogap is a single strand of reference DNA. A voltage is then applied across the nanogap and a measurement is taken of the capacitance, and this is determined by the dielectric (insulating) property of the material in the nanogap, which changes as a result of hybridization.
However, as a result of the lack of rigidity, the immobilized oligonucleotides are randomly tangled, whereas a specific conformation is assumed when they hybridize with complementary DNA strands 12 .
On the other hand, polysilicon electrodes suffer from a parasitic resistive layer caused by polycrystalline depletion effects, relatively low conductivity, and limitations in the types of self-assembled monolayers that are compatible with various biomolecules. Electrode materials with a good conductivity and biocompatibility should be studied 13 .
One of the most important works on metal nanogap biosensors was by Dekker, et al., 14 who studied the measurements of electrical transport through individual 10.4-nm-long, double-stranded poly(G)-poly(C) DNA molecules connected to two Pt nanoelectrodes (8 nm separation).
Hashioka, et al., fabricated flat metal nanogap DNA devices of sub-50 nm using conventional photolithograph (Fig. 1c) . In earlier work 15 , they detected DNA by using the metal nanogap devices (MNGDs) with two Ti electrodes, however, the electrical currents through the DNA in the MNGDs with two Ti electrodes are 1 nA or less, since DNA is not fixed on the surface of electrodes. In a more recent study 16 , a nanogap between Au and Ti electrodes was used to detect DNA considering that DNA can be fixed on the Au electrodes by utilizing alkanethiol self-assembly monolayers 17 . Compared with the study using two Ti electrodes, the signal currents were increased more than ten fold. a current increase when the proteins are bound to the surface. The current increases proportionally depending upon the concentrations of the molecules in the range of 100 fg/ml-100 ng/ml at 1 V bias.
An impressive research was that ultrafast, real-time, lable-free analysis of an individual DNA can be done by nanogap detector inside nanofluidic channel 21 . The detector uses a long nanfluidic channel to stretch a DNA strand into a linear chain, while using a nanogap detector, consisting of a pair of gold nanowires with a gap as small as 9 nm, to measure the electrical conduction perpendicular to the DNA backbone as it passes through the gap (Fig. 1e) 
Gold nanoparticles-labeled biosensing
It is worth mentioning that a gold nanoparticle (Au NP) has been used as labels for ultrasensitive electronic detection 22 . The probe DNA is immobilized in a narrow gap between two electrodes. A target DNA is cohybridized to the probe on the electrode and to a signaling probe on Au NPs. Au NPs are used to bridge a nanogap, the target molecule is therefore detected by the observation of conductance change. as an adhesion agent, transform themselves into short chains of gold colloidal particles after a subsequent dithiol treatment and an additional gold colloidal particle deposition. These chains bridged a 30 nm gap formed between source and drain metal electrodes defined by electron beam lithography forming a one-dimensional current path consisting of three particles 23 (Fig. 2a1) . The device exhibited a clear Coulomb staircase and a periodic oscillation of conductance as a function of gate voltage which corresponded to a three-dot (fourjunction) multitunnel junction structure.
An alternative modulated strategy uses both molecular selfassembly and ac trapping of Au colloids to form a bridged gap device and to perform transport measurements of electronic molecules 24 . As two or more nanoparticles bridging the gap (Figure 2a2 ), the resistance of this type of Au electrode-nanoparticle assembly typically varies from 100 kΩ to a few tens of MΩ. When the nanoparticle size is smaller than the gap, a larger number of particles cluster in the gap region.
A typical value of resistance for such an assembly exceeds 100 MΩ (Fig. 2a3 ).
These works obviously provide a motivation for the electric detection of biomolecules using a labeled nanoparticle nanobridge.
A milestone discovery was by Mirkin and co-workers 25 , who studied the use of metal nanoparticles, such as gold nanoparticles, as labels for sensitive electronic transduction of different biomolecular recognition events (Fig. 2b ). After hybridization with target DNA and Au NPs labeled detection probes, Au NPs were localized into an insulative gap. The subsequent silver deposition to enlarge the gold NPs created a "conductive bridge" across the insulative gap terminated with two conductive electrodes. Using this method, target DNA can be detected at concentrations as low as 500 fM with a point mutation selectivity factor of ~100,000:1.
However, the synthesis of the nanoparticle labels requires a complicated and tedious process and is time-consuming. The need of silver deposition for signal enhancement which increases the complexity of the detection process, and prevents the recycling of the chip, is possible by increasing the temperature above the melting temperature. Moreover, the non-target-related (nondiscriminative) deposition of silver onto electrodes itself and onto a silicon oxide background in the gap can significantly lift the background response and even lead to falsely positive signals. Finally, due to the large gap, a direct current was not detected: ligands within the gap were bound by receptors labeled with Au NPs and a significative conductance change was detected only after the application of a silver enhancer solution.
Several avenues have been proposed for addressing these limitations. One attractive approach relies on the dip-pen nanolithography (DPN) and DNA-directed assembly of nanoscale electrical circuits 26 .
DPN is a nanofabrication tool that allows one to deposit molecules on a variety of surfaces with a coated atomic force microscope tip in a controlled fashion on the sub-100 nm to many micrometer length scale 27 . Therefore, the electrodes and the gaps between micro-and 28 .
nanoelectrodes can be functionalized with the desired DNA sequences by DPN, and the complementary DNA-functionalized nanoparticles can be selectively hybridized to such gap regions from solution. Fig. 2c shows single 20-and 30-nm-diameter Au NPs modified with DNA sequence 1 and sequence 2, which were deposited to bridge the gap of two adjacent electrodes. This emphases that the present approach allows us to assemble multiple, different nanostructures onto the same chip in a single chemical assembly step.
It is possible also to use a nanometer size gap (typically less than 100 nm between two planar electrodes) with a functionalized surface in the vicinity of the gap for the electrical detection of a biological interaction [28] [29] [30] (Fig. 2d) . The local surface functionalization was designed to concentrate the ligand/receptor complex between the electrodes, i.e., to increase the sensitivity of the detection. The receptor was labeled with gold particles whose size was less than the size gap.
In this case, two or three orders of magnitude of the conductance 
Nanoparticles-enhanced biosensing
The first issue that we should address in this part is that the role of nanoparticles is not for biomolecules labeling but for signal 
Gold nanoparticles layer enhancement

Monolayer gold nanoparticle
Monolayer of Au NPs has been reported based on self-assembly onto the silicon dioxide surface within nanogap and proposed to function as a DNA sensor [33] [34] [35] . The presence of the Au NPs in the nanogap can reduce the distance by which electrons propagate between the DNA molecules.
The nanoparticles in the nanogap could act as hopping sites which amplify the conductance of hybridized DNA strands. It is found that the conductance is very low for either assembled Au NPs or Au NPs with single-stranded DNA. This observation is attributed to the poor conductance of single-stranded DNA. Electrons will localize to singlestranded DNA and cannot propagate through the DNA itself. However, the conductance (10 −11 S) significantly increases with the hybridization of double-stranded DNA. Therefore, the electrical conductance for single-stranded DNA cannot be amplified by the preassembled Au
NPs. In contrast, the electrical signal of doubled-stranded DNA can be amplified by the Au NPs. This observation clearly indicates that singlestranded DNA is not a good conductor, in contrast to double-stranded DNA 33 .
This kind of DNA sensor provides a sensitive and label-free detection. For instance 35 , with the help of 1 nM capture DNAs and the monolayer of gold nanoparticles within 72 nm gap, this sensor is able to analyze target DNA sequences at very low concentration of 1 fM.
Multilayer gold nanoparticle
Unfortunately, the current through the Au NPs monolayer is detectable at a magnitude of pA if the applied voltage is up to 1 V. And the I-V curve of monolayer gold nanoparticles (14 nm) does not obey Ohm's law in the range between -1 to 1 V at room temperature 36 .
Chen, et al., suggested a multilayer of Au NPs to be used as amplifier in biodetection [36] [37] [38] [39] [40] [41] (Fig. 3a) . Firstly, a self-assembly Au NP monolayer is immobilized in the gap by carbon strains after a nanogap is fabricated between two microelectrodes. Then, the single strand On the basis of self-assembled multilayer Au NPs, they introduce magnetic nanoparticle probes functionalized with bio-barcode receptors to detect low concentrations of target HCV antigen 42, 43 .
Magnetic nanoparticles and bio-bar-code DNA are used to amplify obtainable current through nanogap electrodes from the extremely low concentration of target DNA. In this way, the method is easily sensitive enough (a sensitivity of up to 1 pg/μL) to detect as low as 1 fM DNA molecules.
In situ formation of conductive nanomaterials
Conductive nanomaterials can be also linked after hybridization.
For example 44 , peptide nucleic acid (PNA) probes were immobilized in the gaps of a pair of finger microelectrodes and they were then hybridized with their complementary target DNA. After this, pectin molecules were introduced into the DNA strand via zirconiumphosphate and zirconium-carbonate chemistries, and these were oxidated by periodate in acetate buffer (pH 3.98). The newly produced aldedyde groups act as a reactant to reduce ammoniacal silver ion and produce silver nanoparticles, which bridged the gap of (Fig. 3b1) . The conductance of the metallic nanoparticles correlated directly with the amount of the hybridized DNA. Using this polysaccharide templated silver nanowire, a much higher sensitivity was achieved at 3 femtomolar (S/N > 3) under optimal conditions. It was observed that cDNA can be detected within a dynamic range of 1.0 fM to 10.0 pM (4 orders of magnitude) with the regression coefficient R as 0.99.
An aggregate of gold nanoparticles (ANPs) also can be used as a conductive tag to bridge the nanogap electrodes for electrical detection of oligonucleotide 45 (Fig. 3b2) . 22-mer oligonucleotide DNA at low concentration, from 50 fM to 10pM, can be detected. Obviously, these methods directly utilized chemical ligation and amplification for signal read-out and thus eliminated the use of labeling probes, which greatly simplifies the detection procedure (the synthesis of the NP labels requires a complicated and tedious process and is time-consuming.). Multiplex detection can be easily realized by introducing different capture probes onto the biosensor array, which will make it more versatile for various research purposes.
Nanogapped gold particle film for biosensing
This technique provides an opportunity to realize label-free DNA electronic sensing on a chip. The approach relies on the dithiol molecule which functions as both the linker between the gold nanoparticles and the spacer for producing the tunneling barrier, the energy of which changes upon hybridization occurring between the particles.
Gold nanoparticles were adsorbed into both the glass and Pt electrode, and bridge molecules (decanedithiol) were used to make a gap between each particle [47] [48] [49] [50] [51] [52] (Fig. 4a ). After modification with thiolated DNA, DNA molecules can be detected by monitoring the resistance changes. For instance 49 , upon sample addition, a resistance decrease was immediately observed with S/N ratios above 40, followed by a steady state within 2 min (Fig. 4b) . According to a previous report, Au NPs separated by a 1.3-nm gap could be used for recognizing the hybridization event; however, the concentration range was limited (detection limit of ~25 pmol)
because not every probe could hybridize with a target DNA strand in the gap between the particles 48, 49, 51 . Thus, they were not completely responsible for the formation of the conducting path on the surfaces of respective Au NPs. This is mainly because of not only the molecular conductivity of DNA 48, 49, 51 , but also the shrinkage of the structural distance of the 12-nm probes in the gap of the 46-nm parent particles due to the hybridization (Fig. 4d) .
Carbon nanotube nanogap devices for biosensing
Electronic devices based on carbon nanotubes (CNTs) are among the candidates to eventually replace silicon-based devices for biomolecular sensing applications 54 . However, one of the greatest challenges in CNTs molecular electronics is the ill-defined bonding between molecules and metal electrodes 55 . To eliminate this drawback, CNT-based FET (field-effect transistor) sensors can be replaced by such an improved strategy, in which a cut SWCNT with a sub-10 nm gap to be used as source (S) and drain (D) electrodes of a molecular electronics [55] [56] [57] [58] [59] [60] [61] [62] [63] .
The target molecule is covalently immobilized in a narrow gap between carbon nanotube electrodes. After this insertion, the electric conductance across the electrodes increased, thus revealing the presence of the target. All of the elements in the resulting molecular circuits are naturally at small dimensions because the SWCNTs are one-dimensional conductors or semiconductors that are intrinsically the same size as the molecules being probed 55 . contacts and the silicon substrate as a back gate (G) 57, 58, 60 . Fig. 5b shows an AFM image of one nanogap. By taking the imaging convolution of the AFM tip size into account, we can estimate that an upper boundary on the size of a typical gap in these micrographs is ~10 nm 55 .
During DNA electrical measurements, two different methods could be used to bridge these gaps 57 . One is that one end each of the two strands of the DNA duplex is bound to the SWCNT electrodes (Fig. 5c ).
The other is that a single strand is bound between the ends of the SWNT electrodes (not shown). Well-matched duplex DNA in the gap between the electrodes exhibits a resistance on the order of 1 MΩ. A single GT or CA mismatches in a DNA 15-mer increases the resistance of the duplex ~300-fold relative to a well-matched one.
The most important issue of CNT nanogap device is the formation of a covalent bond between each terminus of a DNA molecule and 53 .
Fig. 4 Nanogapped gold particle film for biosensing. a) (Left) Illustration of interdigital electrode. (Right) Bird's-eye-view sketch of nanogapped gold nanoparticle film 49 . b) Resistance changes by hybridization of the probe with (1) complementary oligonucleotide (3'-AGA GTT GAG CAT-5') and (2) 1-base (3'-AGA GTT GAG CCT-5') mismatched sample strands 49 . c) SEM image of DNA-capped 12-nm Au NP probes modified 46-nm parent Au NP 53 . d) Conceptual illustrations of the array consisting of the DNA-capped 12-nm Au NP probes, A and B, immobilized on the parent 46-nm Au NP with dithiol: Probe configuration (1) before and (2) after the addition of 24-mer target. The inset is a TEM image of the Au NP array revealing around 46-nm particles
(1) (2) ( 1) the functionalized end of a SWCNT electrode. Establishment of a strong electronic coupling between the trapped molecule and the nanoelectrodes facilitates the charge transport through the system without the Coulomb blockade effect 63 (Fig. 5d) . 63 . (2) revealed that the bridging DNA molecule forms a p-type semiconducting channel between the SWCNT electrodes 63 (Fig. 5e and f) .
Fig. 5 Carbon nanotube nanogap devices for biosensing. (a) A cut metallic SWCNT transistor connected by large metal leads as the S/D electrodes and the silicon wafer as the global back-gate 57 . (b) AFM image of the carbon nanotube nanogap 55 . (c) Illustration of sensing mechanism of carbon nanotube nanogap 57 . (1) Functionalized point contacts made through the precise cutting of a SWCNT with oxygen plasma. (2) Example of bridging by functionalization of both strands with amine functionality. (d) Molecular diagram highlighting the covalent bonding between an amine-terminated ssDNA and a carboxyl-functionalized SWCNT nanoelectrode via a (-CH 2 -) 6 spacer. Charge transport takes place through the stacked base pairs in a helical duplex 63 . (e) and (f) Current flow at room temperature through single ssDNA and dsDNA molecules, respectively, in ambient and in vacuum conditions
(b) (a) (c) (f) (e) (d) (1)
Vertical nanogap devices for biosensing
In the design of vertical nanogap, both electrodes are vertically situated in perpendicular direction. Such nanogap devices can be classified into two groups: two-terminal and three-terminal nanogaps, as illustrated in Fig. 6 . The detailed information is discussed below:
Nanogap device with two terminals
Although the dielectric properties of DNA solution have been widely investigated, early approaches were limited at low frequency by the parasitic noise due to the electrical double layer impedance 66 . Nanogap has the potential to serve as a biomolecular junction because its size (5-100 nm) minimizes the electrode polarization effects regardless of frequency. Lee and co-workers produced a nanogap biosensor consisting of a heavily doped single crystal silicon electrode and a polysilicon electrode vertically separated by a fixed distance of 20-300 nm (defined by a small silicon dioxide spacer) [66] [67] [68] [69] [70] (Fig. 7a) .
Biomolecules bound to a gap surface can be detected by measuring dielectric properties. In their sensing model, they proposed that, at an electrode surface in an ionic solution the association of ions from solution to the oppositely charged electrode surface follows the Poisson-Boltzmann equation. By decreasing the potential drop across the double layer one can effectively decrease the capacitance -this occurs when two double layers overlap. Therefore, the double layer capacitance can be reduced by decreasing the gap size between electrodes to the nanometer scale (60-100 nm).
A proof of concept was demonstrated by immunosensing the glycoprotein laminin, which is clinically relevant to kidney disease at a concentration of 0.5 μg/ml. Dissipation factor measurements for different laminin concentrations indicated a detection limit of 10 ng/ml in a 30 μl droplet 69 . In another work 68 , they showed low frequency dielectric measurements of protein structural transitions in aqueous solution using a nanogap biosensor. Ionic strength effects on low frequency measurements were lessened when using a nanoscale dielectric cell, and decreased along with electrode gap size. Measurements in nanogap sensors between 10 kHz and 1 MHz were found to be especially insensitive to ionic strength fluctuations.
The alkaline structural transition of Cytochrome c was successfully monitored using dielectric spectroscopy.
Water structure is a very powerful topic, and studying how water behaves within nanoscale structures is fundamental in understanding the role of water in biology. Protein folding, DNA hybridization, and enzyme substrate interactions are just a few areas where the structure and position of water is paramount. Without water, there would be no cell membranes, no ion transport, and no protein ligand interaction. Lee et al., continuously studied the changes in the structure of water and ice using a nanogap biosensor 70 . The structural changes in a network of (Fig. 7b) . As a model, the blood coagulation factor thrombin was detected. As specific receptors, either an antibody or a RNA-aptamer has been used 72 . By using the 75 nm gap-structure it is also possible to discriminate between the unspecific Rev aptamer. The higher sensitivity was found to be 1.3% for the nanogap device, while a value of only 0.3% was determined for the IDC-sensor 73 .
A major advantage of impedance biosensors is that they do not require labels which are complicated to prepare and can interfere with the biochemical reaction itself 74 . Furthermore, impedance biosensors allow a real-time monitoring of the sensor-signal and give therefore rise to kinetic aspects of the ligand-analyte interaction. The nanogap structure significantly reduces electronic noise, while having an increased sensitivity based on their low internal volume.
Most nanogap biosensors usually follow the protocol of "filling the gap" 75 . Gao and co-workers reported an attractive alternative nanogap device (or call it nano metal/insulator/metal multilayer (nanoMIM)) for detecting DNA sequences 12 . In this case, two electrodes were separated by an insulating gap. A nanometer-thick layer of SiO 2 (insulator) was sandwiched between a pair of vertically stacked metal layers (conductors). The SiO 2 insulating layer forms a "nanogap" between the top and the bottom metal electrodes on which two capture probes with different sequences, complementary to the two termini of the target DNA, respectively, were immobilized. Bridging of this nanogap by the target DNA strand, upon hybridization and subsequent silver nanowire formation, creates a primary current pathway (Fig. 7c) .
Noncomplementary DNA strands, (which fail to hybridize with the capture probes) do not bridge across the insulator layer and thus will not contribute to the current between the two metal electrodes.
The sensing mechanism relies on bridging the nanogap upon hybridization of the two termini of a target DNA with two different surfacebound capture probes, followed by a simple metallization step. Using this device, about 2 orders of magnitude enhancement in conductance, as referred to a clean background (<1.0 pS) observed at a control sensor, was obtained in the presence of as little as 1.0 fM target DNA (Fig. 7d) 
Nanogap device with three terminals
In a typical FET device, electric current flows between the source and drain electrodes when the voltage applied to the gate exceeds a threshold voltage (V T ). V T is determined primarily by the gate capacitance between the gate electrode and the channel, and hence one can modulate V T by changing the dielectric material of the gate.
When biomolecules are introduced into the nanogap, they increase the gate capacitance relative to the air gap, and V T shifts in the negative direction. Thus, by monitoring the change in V T , it is possible to detect the specific binding of streptavidin to biotin 77 .
On the basis of this mechanism, Choi and co-workers suggested that a dielectric-modulated field-effect transistor (DMFET) for biosensing based on change in dielectric constant caused by the introduction of biomolecules in a nanogap located at the edge of the gate dielectric in the DMFET 77 (Fig. 8a) . A typical electrical characteristic of the DMFET nanogap shows that, before immobilizing the streptavidin, the gate leakage current is in the range of picoamperes, but it increases dramatically to microamperes after biotin-streptavidin binding due to It makes it easier than two terminal nanogap devices to detect dielectric property of biomolecules by combination with read-out circuitry.
However, the flexibility of these devices in detecting other biomolecules or an unknown mixture of biomolecules remains to be evaluated. The main challenge will likely be calibrating the device so that a specific biomolecule can be identified with respect to the shift in the threshold voltage and the width of the nanogap. Nanogap DMFET poses another fundamental problem in that it is difficult to force a "solution" containing the biomolecular species to be detected into the small size of the nanogap (15 nm). The appropriate fluid dynamics in this case involves extremely low Reynold's numbers (in the range of 10 -8 -10 -6 ). It is not clear if there will be adequate "mixing" of the solution necessary for this application.
To address this problem, a nanogap FET device with a suspended chromium gate has been developed 80 . A silicon dioxide (SiO 2 ) layer of 20 nm in height was grown on the active area of a p-type silicon wafer to form the gate oxide after source/drain formation and channel implantation (Fig. 8b) . A suspended chromium gate of 40 nm in height was deposited and patterned. A distinctive feature of this nanogap FET is its bridge-like suspended gate, which allows biomolecules to move freely in and out of the nanogap channel beneath it. This kind of nanogap FET device developed as an efficient label-free electrical biosensor and used to detect AI using a specifically designed protein, SBP-AIa, which has silica-binding specificity.
The aforementioned DMFET, based on change in dielectric constant, has shown high sensitivity to biotin-streptavidin-specific binding, which was known to be nearly neutralized. However, in nature, there are many biomolecules that show charged behaviors; DNA is one of the most important of these biomolecules, as it is known be the largest negatively-charged molecule 32 . When charged biomolecules such as DNA are introduced into the nanogap of a DMFET, its operation can be affected by this charge effect despite the known dielectric constant effect. To achieve the best possible performance of nanogap DMFET device towards different types of biomolecules it is necessary to study their charge effect of DMFET during electrical measurements. Choi's group demonstrated that the n-channel DMFET can preferably detect neutralized or positively-charged biomolecules. In contrast, a p-channel DMFET is attractive for improvements to the detection sensitivity of negatively-charged biomolecules 81 (Fig. 8c) .
In practice, FET biosensors have many useful device parameters in addition to V T . Hence, each device parameter can be utilized as a sensing parameter for detecting biomolecules. One possible device parameter utilized as a sensing parameter is the average density of the interface trap (D it ). The interface traps are located between a silicon channel and a gate insulator interface. They represent a very sensitive parameter that can affect the device characteristics. An extraction method related to this parameter -"charge pumping" -was developed in the 1990s 82 . Charge pumping provides information related to the distribution of traps, the energy level of traps, and the amount of trapped charge and the value of D it . Due to the immobilized biomolecules in the nanogap, the interface property of the silicon channel is changed, giving rise to a modulation of D it . Therefore, targeted biomolecules can be electrically detected by charge pumping 83 (Fig. 8d) . reactions. But when there are many different events occurring in a single sample, distinguishing between them becomes crucial. Combination with advanced nanotechnology such as dip-pen nanolithography or barcoded molecules not only offers another label-free alternative for biosensing, but the scale at which this method can be performed means there is the potential to produce chips that are the same size as microarrays, but with a major increase in the pattern density, leading to significant benefits in sensitivity. Finally, the 'lab-on-a-chip' community is constantly progressing towards the development of fully electronic multifunctional devices that can channel fluids and sort and detect cells or biomolecules 75 . As with most solid state biosensors, it will be a challenge to integrate the nanogap device with micro-and nanofluidic components for fluid handling and biomolecule delivery.
Conclusions
